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A major obstade to the success of gene therapy strategies 
that directly target cancer celts Is the poor vector dlstri' 
bution within soOd tumors. To address this problem, we 
aeveloped an E1b S5 HDa attenuated^ replication- 
compotent adenovirus (AdJl^^) which expresses the her- 
pes slmplex^l thymidine kinase (HSVtk) gene to sensitize 
tumors to ganciclovir (QCV), Efficacy of this combirjed 
strategy was tested In nude mice with subcutaneous 
human A375 melanoma and MB1B0 cen/ical cardriomas, 
tntratumoral injection of a replication-defectivo adonovirai 
vector expressing HSVtk (Ad:Tf<) followed by GCV treat- 
ment resulted in doubling of the sun/ival time of mice beer" 
lng^A37S tumors and 20% long'term sunnval of mice " 
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with ME160 prriors. Treatment of lumprs with Ad,Vf^ 
without QCy resulted' in a simitar antitumor effect, con-' 
firming that the replicating vector has an oncolytic effect. 

longoi$,yMitttk€a^i3ffagi^^ 

fMi0yfff0&>^days, These results confirm that botH tfie 
orvco^sls caused by a replicating vinjs and suk^eJprodrug 
gene therapy., with H$Vtk/GCV have potent antitumor 
effects. When comblneid, these two approaches are comp* 
lementary resulting in a significantly improved treatment 
outcome. 



Introduction 

Successful application of suicide gene therapy strategies 
for cancer is limited by ihe ability of airrent rcplicadon- 
do/icicrit. viral vectors to transduce the majority of cells 
witMn a tumor. The presumed need to genetically mod* 
ify every tumor cell may be partially overcome by the 
HSV//r/ GCV system since it is often associated with a 
"bystander effect' which extends toxic effects of the acti- 
v;itod prodrug to nearby un transduced wild-type cells. '-^ 

To increase , the trar\sduction efficiency, replication- 
defective viral confitnicLs expressing HSVtfc have been 
colransfocLcd with wild-type virus^-* or viral genes cru- 
cial for replication* in order to allow replication and 
spread of the vector. Other studies have explored the 
direct inoculation of xenogenic muriiie retroviral pro- 
ducer cells into cerebral tumors in an effort to achieve 
continuous local vector production.*'' 

Ccrtaii\ attenuated replication-competent vinises have 
been cxtciisivcly used in human vaccination programs 
with few unwanted effects * In addition, over the past 
40 years there have been several clinical trials in which 
replication-competent wild-type vinises, including 
adcnoviiTises, were intratu morally administered to 
patients with various malignancies.*"'' 'Virotherapy' of 
cancer was abandoned siitcc only few responses were 
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reported, its effects were unpredictable and the develop- 
ment of more active chemotherapcutic agents supplanted 
it. In the light of the recent finding.? of Bischoff and col- 
leagues" demonstrating that an Elb 55 kDa attenuated 
adenovirus can prefercnlially replicate and lysc p53- 
dysfunclional tumor cells but not in adjacent normal 
tissue, this approacl\ is now being re^cvaluated. 

As an extension of this approach/, we and others have 
developed Elb 55 kDa-dclelcd adenoviral vectors 
expressing HSVtk or ei cytokine dcamii\ase/HSVt): fusion 
gene,'* In tlvis report we describe a strategy for cancer 
gone therapy that combines the attributes of a standard 
replication-deficient adenoviral vector expressing HSVtfc 
(Ad.TK), with high suicide gene expression, and an Elb 
55 kDa attenuated repIicaUou-compIetent adenovirus, for 
cytotoxic spread throughout tumors. We compared the 
efificacy of this approach with that of a traditioi\al 
replication-deficient Ad.TK in a melanoma and cervical 
cancer xenograft tumor model. 

Results 

Analysis of HSVtk expression, replication and Elb 55 
kDaofAdTK"^ 

Beginning vnth a first generation El- and E3-dcleted 
adenoviral vector/ we constructed Ad.TK***" witl^ the 
human CMV-IE promoter driviiig llie HSV/Jc, Ad5 Ela 
and E1b 19 kDa genes (Figure 1), To test its HSV^ gene 
expression, wc analyzed by Northern blot RNA from 
_A375 cells infected with Ad.TK*^, Ad.TK or AdS^ 
(Figure 2a). HSVf* transcripts could be readily detected 
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T.^T^*^ ^^•"^-^*«<1 but jwt in the 
AdS J or uninfected cells. In U>e Ad.TK«<:-infected cells 
we observed two predominant HSV* messages which 
differed m size by about JOO bp. The most litehr expla- 
nahoa for tfus « that the longer message tcnniJatef at 
the BGH pA and. the shorter at the viril Ela pA, since 



viral gene transcription is not temiinatod between U»e 
Ela and the adjacent downstream Elb cene in ceils 
m/ected with AdS*^.'* Since in Ad,TKi«-infkted cells the 
tratiscnptjon of HSVtt is transcriptionaUy coupled with 
an internal ribosome entry site (IRES) to that 0/ the Ela 

f n J',"?? 8*"*^' ''^"S* H5Vtjt menage 
about 2.3 kb longer than in cells iiifocied with the 
replication-deflcienf Ad.TK. The least abundant tran- 
l?E'f*P"*<^\'* P.'^'^aWy only the HSVtk ORF, In tho 
A<i.iK-infected cells there were two major HSVtk trari- 
scnpts ^ detectable.- The approximately 1.7 kb .ncssagd 
^/^^ ^cv!?"?'*^ 5^*^ shorter 
JheltOKF) ''P of 

To verify that the HSVrt expression of Ad-TK^c is func 
tional we analyzed extracts, of the adoiiovirus-infected 
A37= cells by HPLC for GCV metabolites and ihoirS 
porahcm into the genomic DNA. In cells infected witlv 
Ad.TK»= or Ad.T*;^gh levels of GCV^liphosphate (394 
and 244 pmoUW ceils, respectively^ and GCV- 
tnphosphate (3610 and 1670 pmol/W cells, respectivdv) 
Accordingly, A375 cells infected wifh 
iri^V ^^'^ Showed a marked incorporation of 

/sr+n J .'?f;^'^'^'"'" ' ±0.35 and • 
6.81 ±0.44 pmol/10* cells, respectively). Uninfected eon- 

ttol cells or cells infected with AdS*^ showed neclieible 

rrt^nM .'■P'^'^^°' GCV metabolites S!^- 

GCV DNA incorporation: 

A??l^c^ aiulysb of RNA /rom A375 celli. inf<>cted Widx 

.u^^i^ ^^ ^'^^ ^^'^ 55 JcDa transcripts 
(Figure 2b) The nu 12s and L5 mRNA of Ad:TK»<-^ couid 
be readily detected suggesting viral DNA replication and 
' protein synthesis.'^'^^ As expected /wild-typ^ Ad5- 
celk expressed all three viral RNAs and in the 

^ . L u^"* ^^"^ ^""^ ^ir^l J^'Afi wore 

detectable by RNA dot blot . 

To assess whctltcr the Elb '55 kOa-doIctod AdTK"*^ 
prcferenrially replicates m p53-dysfuncrional celb as 
described previously.'^ wc in/ccted human p53-posiUve 

cer ceUs (C33A) with a series of viruses (Figvi^e 3) As 
expected infection ^^^ith wiJd-type AdS resulted in cyto- 

tfte cells. The rephcation-defective adciiovinis Ad.TK did 
not result in any detectable cytopathic effect in the cells 

tested. In conhrast. AdTK*''^ caused cytopathic ef^^^ 
in the p53'mulant C33A cells but not in the A549 cell»; 

Transduction efficiency and bystander effect of cervical 
and melanoma celf lines 

Several human xeiTdcal cancer and melanoma ceU I^^^ 
were t&jted in vitro for transduction efficiency with a 
replication-deficient adenovirus expressing erccn fluor- 
escent protein^ (Ad.GFP) and their IISvV assocbted 
bystander effect. At a mulhplicity of infection (MOD of 
iU, the median transduction cfficici\cy of the human 
melanoma cell lines ATS, SK-MEL 2 and SK-MEL 3T 
were 48Z 99^ and 31.9%. In contrast, all human cervical 
cancer ceU hnes tested (MEISO, CaSkl HeU. SW756 and ' 
bim under the same conditions had a ti^niiduceabiliLv 
of more than 90%/ . 

-.After exposure of a mi)cture of 10% HSVfJt-posilive and 
90% Wild-type cells to 10 m.m GCV for 24 h, ^H^thymidine 
incorporation was inhibited by 67% (A375) 25% (^v 
MEL.2), 21% (SK MEW1), 45% (MEIM) 96% (CasS 
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90% (HcUX 53% (SW7S6) and 13% (SiHa) compared with 
untreated cell mixhjrw. These data domonstratc tlut dif. 
fcrcnt ce 1 lines derived from similar tumors can vary 
bo^h in a^oif susceplibility .to adenovirus gene transfer 
MSVf^/GCV- bystander effect. Wc chose 
A375 melanoma and ME180 cervical cancer cells for our 
m VIVO studies. A375 ceils transduce with Ad5 only half 
,as m\ as MEISO, but had a somcwhai lugher metabolic 
. bystandor effect. - ^ * ■ • 

To evaluate the in situ transduction efficiency of A375 
tumor xenografts growing in nude mice were intratumor- 
ally mjcct<^.l0^p.f.u. of the replica tioix-deficient Ad GFP 
vector. Jn five independent experiments, the median per- 
.centage of GFP expressing cells found in tumors resected 
at 60 h was 7.3%, with a range of 3:i-13.S%; 
■To determine the transduction cffidency needed for 
^-mediated elimination of A375 xenografts, we estab- 
lislied tumors, consisting of mixtures of differci^t pro- 
S'^'^TLl'^^^' expressing colls and untrLs- 
duced A375 ceUs follow^ by GCV admini^traHon (100 
mg/kg twice a day for 7days). When betweenS and 20% 
or liic Implanted I unxor cell mixtures expressed HSVfJt 
two .of 12 anim<»ls became long-term di.^cafie-fwc sur-' 

ceL ^^nsjsied of lOOr. HSVfit^positive A375 

^J] ^i^o efficacy of Ad JK^^c compared w 

Kr."^"" meJanoh^ or 

jvitiwj cervical caranoma xcnogr^^fis were randomly 
as^i^med to /reatment groups when the tumors reached 
a volume of 100-150 mm^ Control tumor-bearing mice 
were gim^ an inlralumoral injection of PBS (100 ul) and 
then 1 day-latcr a 7*day course of CCV was initiated, 
iitcir responses wera compared with tumor-bcarinc 
groups treated with an ihtratumoral injection of 10' p.f u 
Ad TK or .Ad.TK»^^^(in 100 ^.l) followed by GCV 100 
n^g/l<g twice a day for 7 days beginning 24 or 72 h later 
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Rapidly growing A375 melanoma tvmiors developed in 
the control groups that rcquii-ed tlieir eulhanizalioiv- 
wiihm 27 days (Figure 4a). Mice with A375 tumon: 
treated with Ad.TK- alone survived slighdy longer thaii 
control animals, while tl^ addition of GCV treatment to 
tliese animals beginning 1 day after vector injecHon 
resulted in a doubling of their survival times. This con- 
firms the antitumor effect of the HSV/it/GCV ircaunent 
.but the. lack of long-term cures also illustrates its limi- 
■ tations in, the A375 tumor model. A375 tumor-bearing 
mice treated with Ad.TK«c followed by GCV treatment 
begmning 1 day later had a nearly idcnUcal paltern of ' 
response. If GCV treatment was delay^-d unbl 3 days 
after infection of Ad.TK'**^ the initial antitumor response 

e^-^pl y improved although over the course of obser- ^ 
,yation half of the animals relapsed (table ]), rnlcrofil- - 
mgly, treatment with Ad. TK!^<^ alone -resulted in 20% 
long-term difieaso-frec survival showing efficacy of repli- 
cation-competent virus alone against this hi mor ' 

bcarmg ME180 cenacal ca^cii^oma. Agaiix, respoixse rates 
to treatment with Ad.TK plus GCV or Ad.TK^<^ wiUmit 
(^CV .were similar and rfiisultcd in a doubling of median 
^3lc^'' «nf ]ong;term dise.is^^^^^ survivors of 
.20-30% (Figure 4b). If GCV treatment was delayed until 3. 
days.aftcr viral inoculation, responses were dran^atically 
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Table 1 Coinparison of anunal survival betu'een' dUfercnt trcattnent groups 

' A375 xtnografts 



Croup 



' GCV alone 
' Ad.TK abne 
, Ad:TK GCV 1 

Ad-TK»c GCV 1 
'Ad.TK**^ CCV 3 



Croup size 
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10 
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enhanced with 60% of the animals surviving for over 
160 days. ■ - ' ' 

Discussion 

Wo generated a dual mechanism adenoviral gene trai\sfer 
vector {Ad-TK"*'^ c;<pfcssing HSVtfc, which is capable of 
replication and spread within certain tumors. In contrast 
to dll520,"'*^ Ad-TK**^ exprcfsses a suicide gene and the 
EJa, £lb 19 kOa genes are driven by the CMV-IE pro- 
mot<?r. Furthermore, the £3 region of Ad.TK**^ is removed 
and the Elb deletion is larger than in dllSZO (1257 versus 
827 bp). 

Since Ad.TK'^^ carries all elements necessary for its rop- 
lication in p53-deficienk cells, both the original and sub- 
sequently infected p55-negativo cells will be converted 
into adenoviral producer cells, promoting spread of the 
vector and thus the HSVffc suicide gone within tumors. 
In addition, the use of a single construct carrying the 
transgene and capable of replicalion is much less likely to 
result in the generation wild-type virus by homologous 
recombination than frnns-complementalion strategics 
using plasmid DNA or helper viruses. To reduce the like- 
lihood of generatil^g deletion mutants lacking HSVlk and 
ytH expressing HI a and as a 'faU-safe' mccliarusm to allow 
us to abort the adenoviral iiiTcction with CCV treatment, 
we tran£^ptionally linked its expression to the HSVfIc 
gene via an enccphalomyocarditls virus internal ribo- 
soinc entry site.^" 

Our studies comparing tlic in vivo efficacy of Ad.TK'*^ 
vtrsus a traditional replication-deficient Ad.TK in an 
A375 melanoma, and ME180 cervical cancer xenograft 
nnodcl demonstrated dirce main findings- Antitumor 
responses induced by viral replication wiih Ad.TK"^ 
alone were equivalent to those achieved with Ad.TK plus 
GCV, confirnung that the replication-competent adeno- 
virus has direct oncolytic activity.' *- Secondly, there was 
no sigtuficnnt Jifferonce in survival among groups 
treated with Ad.TK combii^ed with GCV, Ad.TK^^ alone 
or Ad.TK^^ followed by CCV treatment starting 1 day 
after vector admirvistration. There was no difference in 
treatment efficacy, despite higher HSVifc expression in 
- AdTK^^-infected A375 cells (Figure 2), the anti-neoplas- 
tic activity of the Ela genes and their ability to act as a 



cl^emosensitizcr.by driving quiescent cells into S jphase.^'* 
The higher expression of the nS^ik gene is likely due to 
vector replication and its preceding by the Ad5 Trt-.^-^' . 
This suggests that the level of HSW tk expression as pre- 
viously reported^ and the presence of Eta, independent 
of its role in adenoviral replication, are not responsible 
for the significantly enhanced antitumor effect, compared 
with either treatment used alone, when CCV was given 
to Ad.TK'^^-troated mice aflcr allowing time for viral rep- 
lication. This observation demonstrates the importance of 
the amplification and spread of the viral inoailum 
beyond the initially infected cells by in situ conversion of 
the originally transduced cells in to" adenoviral producer 
cells.. 

The development of an immune response lo these rep- 
licating adenoviral vectors will eventually limit their 
spread but should also impede rc-trcatment witl\ ihc 
same or closely related adcnovinis serotypes. Howevar, 
in an immune-competent animal treatment efficacy 
might also bp cixhanced by .thc augmented xcnogeni- 
zation of nontransduced tumor cclls^ due to Increased 
trarsgeno expression or presentation of the highly 
immunogenic Ela gene products in association widt 
native tumor-specific antigens.-*-^' In iiddition, the 
expression of the Ula gene inaeascs the susceptibility 
of cells to lysis by natural killer lymphocytes and 
macrophages.^'^ 

Bonnekoh and colleagues'^ also demonstrated itiat 
treatment of A375 melanoma xenografts with a repli- 
cation-deficient adenovirus expressing HSVtk and GCV 
resulted in reduced tumor growth rates, but no complete 
responses were seen. The potentiation of the Ad.TK anti- 
tumor effect by inclusion of viral replication resulted in 
curative antitumor responses in 30-60% of treated ani- 
mals and overall in a significant survival advantage in 
both the melanoma and cervical cancer model (39.5 twsus 
90+ and 64 versus IS^ days, respectively) thus rep- 
resenting a potential sigiiificant advance in vector design 
for cancer gone therapy. 

Materials and methods 

Generation of adenos/iral vectors 

Viral constnicts wore based on il^e plasmid system 

pBHClO, pBHGll and p^lsp A (Microbix Biosystems, 
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ft/VA ^oWto/ and Northern blot ar,alysis 

Twenty mJhon A375 cells were exposed to th. A t, 

fldenoviroses at MOl t: r^>.r^ ^ the different 

adenylated w5a wai i Jt'K^^i''"*^''"^^ P^ly- 

p^Sr^^''^^''*- ^ S^^nZr.^ 
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